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A simple geometrical‘analysis hés§£4;n de&eloped which describes the
;ldwest—ordef_transversé mode in‘aqvanbitfa;y unstaﬁlé'bptical resénato;‘“
of large‘Fresnel number, The idﬁeétlmodé is aésumedhtp'consist of.twé;
.opposiéély tra&eling spherical wavéS’which uniformly illuminate the tﬁo
- end mirrors. The centers of cuffature of these two;wavés (which are not -
in géneral the.mirror-centersrgf cﬁrvaturej ére fdundfsy réquiring that
each'ceﬁﬁer be the image ofytﬁe:bther‘upoQerflection from the appioppiate
sphgfical end mirrori Thq resonéfor léssés,'found;from simple géometriéal
considerations, afe given bylSimple anélyﬁicai_expféssioné and are"éntirgly
independent of the mirror sizes. The equi—lbss coﬁtours on the usual mode"
chart are hyperbolae. The present results agree well wlth more exact results
calculated by Fox and Li fof the unstable case, and with experimental results
on a ruby laser having a divergent srherical surfacé ground directl& onto
the ruby rod. Unstable resonators of this type appear potentially useful
for transverse mode control and for diffraction output coupling.r

:' \\‘_ .



Abstract . . . . . oL
List of Figures

Introduction .

" Diffraction losses
Experimental results . . .
- Discussion and-conclusions

.Ackndwledgeménts e e e

References

.

.

.

TABLE OF CONTENTS

- YV -



LIST OF FIGURES

1, A general optical resonator and the relevant mode chart which
summarizes the mode stability propérties. Resonators with g
values well inside the shaded region are stable or low-loss;

those well outside are unétable and have high losses

“2. The gebmetry ﬁsed in énélysing the unstébléfbptical‘resonator

case. The points Pl and % arec. the centers of curvature
of the spherical wavefrontsj these "in generél‘do not coincide

with the centers of curvature of the mirrors

3. Some typical mode patterns illustrating the unstable mode

behavior in different unstable regions of the mode chart
b, Average loss per bounce, as defined in the text, vs. mirror

curvature for a symmetric unstable'dptical resonator .

1

Average losc . per bounee vs. mirror curvature for a half~

symmetric unstable optical resonator . . .

6. The solid curves, which are exact results for the infinite

“strip mirror case for various g values, were obtained by
Fox and Li using their-iterative numerical approach. . The
dashed lines are results of the present analysis for the

unstable g wvalues 1.0, l.1l, and 1.2 . . . e o e

- vii -

Page

1L

15

16




7.  Equi-loss contours on the mode chart for the intinite strip
mirror case. The losses on the same contours for the disc

mirror case are_substantially largef'. e e e e e

8, Experimental technique used tc measure the‘aiignment'of the

~end suffaces'of:the‘divergeht-end laser T0d . . . . . . .

9. ‘Geometry used tq_discuss alignment . of the rod ends

‘lO. Twc~photographs_of the spot patterns; obtained by,repiabingv

the screen in Fig. 8 with avphotbgraphiqtfilm. Larger photo-

' graﬁﬁ:' D g'BvAmetersg o&erfékbésed. 'Sﬁalléf photégraph{;
D~1 méter,fuﬁdef—exﬁoged iy ,,. } . i/,‘,‘.'? : c e e
11. 'An‘un_:‘;ta‘,bléu.re;s‘onét(:)_r c‘onfigﬁratién for a laser rod which
gives a diffraction-éoﬁpled oﬁtput from oné end only.and
which'avoids any. contact wifh thé resénaﬁér.side walls .
'12..": Photiographs of the output end of a vlfvuby'rod having the
”un;tabieddiffrgctiqq—coﬁpled ;éspnator configuratibn'shown‘:
"< fianig.‘ii;'_po ieft: below thfeshold; sﬁo;inglthéIE l/Elmm
‘_aiamféf“silﬁéfl§poﬁ, biﬁs its‘@irror image_in the opéoéi£é'
'"end:” Suécébding‘tﬁréé‘phofoérdﬁhs; laser outpit atllo%,
V'EQ% aﬁd'1ib% ab§ve ££rcshold‘{";“. T {>. . :7..,
13. Same as pregediﬁé “figuré éxé§pt“that'thé silver spot is
3.2 mu in diameter (1/2 the rod dlameter) and somevhat -

better aligned on the rod - .

"Page
18

© 20

22

25

29,

31

32




‘by a 51ngle point somewhere on the chart.

INTRODUCTION

“Two flat or. curved mirror surfaces erected facihg each other form an

foptical resonator or resonant cavity. Resonators. of this type have been
“exten31vely studled recently 15-'bec'au'se of their importance in laser ap-
't p]lcatlonb : The prope tles of such resonators are. found to depend strongly

’rn partlcular upon the. mlrror curvatureg relatlve to the mlrror snacing

If the spac1ng between the two mirrors is L and the mlrror rauil of

"curvature are‘7R  and R z as. shown in the sketch of Fig 1, it has been

1 D

found to be convenlent to define the normallzed curvature or g parameuers3
g = 1-L/Ry ; g = 1-L/R, -

The mode properties of optical resonators can then be summarized on
the-mode ehart “shown in Fig«41..Where eny given resenator ie‘represented‘

3,6 ‘

The mode chart is dlvided in+o stable (>haded)and unstablt xcglons

‘ The analytlo condition

0<g, 8, =1

delines the shaded stable region. It is well established that if a re-

sonator lies well within the shaded stable region, its resonant modes




FIG. "1--A general optical resonator and the relevant mode chart which
summarizes the mode stability properties. Resonators with g
values well inside the shaded region are sthble or low-loss;
those well oulside are unstable and have high losses.




can bevfbuﬁd frém a’felativeiy exact. clcsed;form analyéis;vrThé lowvest-
order resbnantrmodes’are, in general, narrowly cdnfined along the>§$isb
of the resonator, the modes having gaussian transverse amplitude varia-
tions. The diffraction loéses df_sucﬁ modes,‘i.e;, the énergy losses dua
to energy leakage out the sides or past the mirror edges,:are generally
very small. . - ‘

Both the trancverse dimensioﬁé_gf tﬁe‘méags éﬁdPﬁhéir(diffraction
losses increase for resonators loééfééineariorrdﬁ,thé é£é$l§;r?gion
boundaries ‘of the mode chart. Théfiﬁteérﬁi{eé;étidﬁs‘ govet$iﬁg:the re-
sonant modes must then be solved éithéf byﬁipératiVémnﬁﬁeriééi_ébmpﬁfu—
tionsl-h or by various analytic expansiohs,11’15; Ip;gen¢fal;‘ana speaking
very roughly, tﬁeﬂréspnantrmodes aréxsoﬁéwﬁdtfliké Phé!resonént waveéﬁidex
modes which would aﬁpear if the resbnator had;cohdﬁéting instead of open
sidesgiand the diffféction losses inoreasé'rapidly as;oné passes through
tﬁe stablélunéﬁable boundary . o

The chiéfrcontribution of’ this paper is.é simpie énalysis, baséd-on
purely geometricai optical considerstions, wﬁigh predicté the;lowcst—ordér”
mode and its diffraction loss for laréerFregnel—ndmbér'fesonatOrs located
in the unétable'rogion of the modé chart. -Thc résults Qf’éhis ahalysis
connect smoothly.with the limited nﬁmber of-results>whichvhave been ob-
tained previously, using iterative numerica% procedurecs, for modes on the
stable-unstable boundary.h In general, ﬁhe diffracticn losses in the
unstable region turn out to be sizable, although not necessarily intolerablé.

There is some pracitical interest in unstable resonatofs for laser
applications. As a general principle, in order to obtain i{ransverse mode

selection, i.e., in order to obtain oscillatlion in a single lowest-order

-3..



tranéverse mode pattern, one must have sizable diffraction losses., Other

loss mechanisms such as scattering and reflection are essentially the same

For all modes, only the dilffraction losses being different for different
transverse modes. Hence, mode selection is obtainedronly if diffraction
logssee form a significant fraction of the total lossés. Tﬁis'can be
achieved in practice by using a stable resonator with small enough mirrors,
or by using a resonator located in (but not toc far into) the unstable
region.

‘_Iﬁ has also been pointed out recently that efficéient Qutput coupling

“from a laser can be obtained by means of diffraction_éoupling,.i;é., by
employing the diffracted energy output/ffom a ldégf resoﬁatof‘as“the uéeful

output. High gain lasers reguire relatively heavy output coupling, i.e.,

relatively large diffraction lbsses, such as are obtained in the unstable
region. ‘We will present at the end of Lhis paper some experimental results

for -a ruby lascr cmpioying an unstable resonator which verify :the present

theory and also illustrate. useful ways in which diffraction coupling can

" be employed with a ruby or other higthain laser.

-4 -
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ANALYSIS

We will carry out the analysis using the geometry of Fig. 2.. The
generai approach can be outlined as follows. We hypothesize that the : .
right-going wave leaving mirror Ml is»a‘spherical wave of uniform
in?ensity whosé virtual center lies at point Pl (which is ggglin general
the center of .curvature bf this mirror). This wave strikes énd uniformly .
illuminates the second mirror M2 , from whiqh g fractiqé ofvthe o?igipal
energy'is reflected as a left-going uniform sphericai wave coming from the

virtual center P

5 ‘This wave in turn must illuminate mirror Ml and

be reflected as if it had come from the originéi center P

8 , thus closing

. the lodp.v-The positions of the hypothetical virtual centers Pl and P2
are fouﬁd by requiring self-concistency, i.e.; by fequiring that eéch-virtual
.center be the image of the other upon feflection”in the gppropfiate épherical
mirror. We will diécuss the justification for‘the assumption.of uniforﬁ
1}lumination in a laﬁer paragraph.

The positloﬁs of: Pl and P2 'relative to the mirrors are measured
in terms of the mirrér ;pacing L :By the dimensionless féctors ry and
r, as shown in Fig. 2. These quantities are taken positive for outward
displacements as shown, and negative for inward displacements. According
to the sign conventlon used in resonstor analyses, the mirror radii of
curvature R and R are negative numbers for outward curvatures, such

1 2

as those shown in Fig. 2. The requirements that P] and P2 be each
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~~Geometry used in analysing the unstavle optical rescnator
case. The points P and P. are the centers of curvature
of the spherical wavefronts; fhese in general do not coincide
with the centers of curvetuwre of the mirrors.
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other's images in the respective gpherical surfaces are then expressed by

the basic lens laws

il

Hll—'
1
[
1
l

Y+ 1 R 2 (gl - 1)

-
n
[

‘1]1—‘
]

i - SE o e(g 1)

Simultaneous solution of these two eguations immediately yields the

results

/"“"‘———"""—[ .
: -1 -1
—*-\/1 - (g18p) T -1+ g
r =
1 g 1
e -8 -8
\ ) -1 -
- 1 - (glgE) -1+ g2
r‘ = -
P2 1 o1
-8 -8

Further examinafion sths tﬁat only thc upper sign before the radical
represents a - -stable éolution, in the sense that if one considers a small
axiai diéplacement of tﬁe position of one of the virtual centers away
from:the steady-étate Qalues above, then thic small dicplacement will
decrease with succesccive bounces for the upper sign, bubt will increase
with successive bounces for the lower uign. Therefore, we consider only

the upper cign.




The results just obtained are valid for the unstable regions in all

guadrants of the mode chart, with r and/or r becoming hegative out-

1 2

side the first guadrant. Figure 3 illustrates some of the resulting
mode patterns for unstable resonators in various gquadrants of the mode
chart.

If ve consider as a typical example the symmetric case 8 =8, =8
the distance from the center of the resonator to either of -the virtualb

centers can be written in physical terms as

ﬁv/[RlL/2 +'(L/2)2l
VAL IRl >>1

where we assume thot the radius of curvature IRI will normally be much

L+ p/e

A

larger than @he Jength L‘ of the laser cavily. It appears that the dis—
tance to the virtual center is roughly ﬁhe geometric mean of the radius
of cuvvature.and ﬂaif the resonator length.

We have, implicitly assumed in thc’above anély;is that the mirror .
dimension:s: are large comparced to an optical anelength. Tn additién,
we assume thab the Fresnel number M commonly defined in résonator anal-
yses  is pleo large. T nomirror's transverse diménsion is 2a (i.é;, a
strip‘of wldth"Za or o disc of digmeter 2a), the ffemwl number is de-
fined ags N = ag/Lk . VWe assume N >> 1 . In physical terms, this means
that the number of Fresnel zones subtended by one mirror as seen from the

other mirror surface is large.
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Within ihis assuﬁption, it appears reasonabie to assume uniform
illumination ofbboth mifrors, as illustrated in the sketcheé already
given. It 1is clear that uniform illumination of either mirror will
lead in turn to uniform 1llumination of the other mirror, except for
diffraction effects due to the finite size of the first mirror. The.
large Fresnel number assumption means that such diffraction effects will

be small.
DIFFRACTION LOSSES

The energy loss per bounce in these unstabie resénaﬂors we obtain
from a gimple geometrical calculation of how'much.of the energy leaving
one mirror misses striking the other mirror; We refer to these losses
as diffraction losses even though 1t is clear that they are basically
geometrical in origin, Diffréction in its ususl seunse plays no role,
its chief effect being to cause some slight diffraction modification of
the outer odgcs of the conical wave patterns, an effect which is ignored
by the present analysis. The main Justification for our terminology is
that the losses calculated here connect smoothly with the losses in stable
or nearly stable resonatoirs, which are clearly the_result of' diffraﬁtion
effects.

Accuming that a wave of unit intensity'leéves.mirror M, we will

l 3
use F] to denote the fraction of its total energy reflected by mirror

M2 , and (1 - Pl) to denote the fraction whieh is lost. Similarly,

P2 is the fraction reflected from M1 when unit intensity lesves M2 .

The fractional intensity returning to either mirror after a complete

round trip is thus F2 = FlFE .

- 10 -




There'are‘sevgral.poésiﬁle wayé to define the haverage p;;ef léés
per ‘bounce, " thch we will denote by 5 , in'anrasymmetric resonator
where the'losses,ét the two ends may not be thé same. For example, one
‘.»reaséﬁableidefinition might be the average of the two fractional losses,

ie.,
5. 1 [(i Sr) (1T )]
AR L 2

Alternatively, since the fractional power ﬁransmissidn in one round trip

, 15"f2 =TT, i, the fracﬁiqnal'poyerilbss is 1”minus~£his, and dividing-

_this equally among the two bounces in a round trip gives

- 1 ‘ )
) =3 (r-r tg)

1, 2
. = 5‘(1 - )

 Finally, we note that if the one-way power -gain along a laser is denoted

by G , then thé'thfeshoid,condition for ;asef oscillation is

o2 plré ;jGE'f2‘= 1. If this is yfitﬁen as .G(Plvg)l/?,= Gf =1 , it
ié ciear that £hc average ffactiogai'transmiésion per pass is T and
hence.the a#erage powér }oss ber pass should be defined as‘

5= (-1 = - ()P

For small fractional losses per bounce, these'thfeevdefinitions are’
essentially equivalent, but they differ significantly for large losses

per bounce. Since the third of the above definitions seems to be the

- 11 -




’ moét méaﬁingful féf'lasér discuégions; 1t is the'dne we:will employ in’
) piétfing.bufwré;;lts,v This is also fhe‘definitioniem?loyed ﬁjvfbx and

'Li‘l-h,eo ‘ ' o

_ We consider first the étrip mirror case in.which the two mirrors are
long parallel strips of infinite length and given width, with cur&atures

as indlcated in the width direction only;‘ It can then be shown from

.simple geometrical considerations that the round-trip fractional Qﬁergy

trensmission is given by

. _ . ‘f r‘
Pit =TT, = % L2
S s (v + 1)(ry +1)

This'expréSSioﬁ does ﬁpt contain anyfmirror~sizgs;‘and iﬁ fé6tm&étailéd
exqmingtion”éhows that'the diffraetipn 1osse$ in the"ﬁnéfablﬁ region are
entifely indépendént of mirror sizes, égéﬁ.ip caseé wheré oné‘mir%or is
sufficiently lafgé so that iflis npt‘fﬁlly illumihaééd aﬁd,all'of’ﬁhe‘
iossés are,a£ Lh@lbbpssi?e’endbas invbné.dfvthe ékétbhes invFig: 3.“ The
k'uﬁper.:ign in”fhe fg expression‘is‘valiétféf g values in £he”unstable
portions bf'ﬁhe first”aﬁd‘thifd quadran£s‘bf the mode chért,gand the
lower’sign‘i§ valid“in:thevotherjtwo quadranté;ﬁ

LSﬁbstitgtion‘of fhe.ezprés;ions'fdr' ri .énd‘ ré"leadsAto the general

result -

I+

strip




; with the same commentsvconcerning slgns. For the case of cireular mirrors

or dilses, equally simple geometricsl,coﬂsiderations‘lead,to the result

1-‘disc = I\‘,strip

again independent of the sizes ef the dises. It seems very likely in
" fact that these results"hold_for any srbitrary mirror shape. It would

‘be a trivial exercise to extend these results to mirrors having different -

"ﬂ‘ radii of curvature in two transverse directions " One can_hypothesize' S L

that the resulting transmission would be

. . . rq I'" rg r"
- 3 171 %2 T

h +
genera.l ] Ny ) L :
(rl + l>(ll.+ l)(r2 + l)(r2'+ 1)

where -the primed and ‘double- primed T values would correpond to the
radii of curva+ure and the associated g values in the two transverse .
'dlrectiono; using the same formulase as dbove to Lalcu.ate the r values.
) in terms of the “g values. | |
Figures L ahd 5'summarize the average diffrsctien losses per bounee;
. Vs g for the two cases of a symmetric resonator with gl gé =g

In order to compare thesc results with earlier results we have'reproduced
vin Fig 6 some results for diffraction losses vs Fresnel nunber N for
several ﬁtable and unstable value of g obtained by'Fox and Li using
“theiz iterative computer“procedure A‘*Thevdashed lines whic¢h have been
added to the figure are the results predicted by the present analysis.

There appears to be good agreement between our results and the asymptotic

- 13 -
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valdes approaehed by_the‘Fox and_Li reSultevat large N valueé. It seemsvf
 very likely that-the‘periédie riﬁpies as a function of N which can be -
7‘seen in the Fox and L1 fesﬁlts efiee from the diffraction effects whicﬁ
are not included ln the ﬁresedf gnalysis.
"One can also solve for 'hhe contours of consta.nt loss in ‘the g

plane by writing

14 4\/1.- (glg2>‘l'

r° for the gtrip case and T for the disc case.  Inverting

" imere C =T
:bhié'expfession.theh.leads"fedthe result -

(1ii )2

e - (¥ o

The,cens?ant loss contours ére hyperbelae, as shoﬁn in:Figr'7,.where.
the centours ~are labeled by the_eyerage loss‘pef pass for the infinite
strip mirror cese.

We should comment at this point that although sizable diffraction
'losues are generally necessary in order to obtain transverse mode selec-:"
C tion, it is by no means certain that the larﬂe losses we have calculated B

dfor ‘the unotable region will guarantee transverse mode selectlon ) Indeed
_ it can be argued that because these losses are primarily geometrical in
nature, thereforedthese diffraction losses will be very nea;lyvthe_same
“for tﬁe‘lowesteerder‘and,higherferder transverse modes, ﬁhushgiving"
liftle or no traneferse mode selection, This question'feméiﬁsd£e.be

settledvby experiment or by more refined analyses.

-7 -
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FIG.

"(-—Equl loss. contours on the mode Chd.]:‘t for the 1nfinite strlp
“mirror case, The .losses on the same contours for the disc
mirror case are substantially larger.
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EXPERIMENTAL RESULTS

Experiments on an unstable laser resonator have been carried_out
using a ruby laser rod which was ground with.one flat end surface and"
one divergent spherlcal end surface, in the manner of Blg 5 'The results
are in good agreemert w1th the present theory The ruby rod is 5 cm long
be 6 35 mn in diameter,Awith 8 radius of. curvature CRe= 1 meter on. the

'dlvergent curved end The curved surFace was ground direetly on the rod

uslng brass and then copper convex lapQ of lb cm diameter which had been‘ia

machincd to the 1 metcr radlus of ourvature we elected to grlnd the o
divergent surface dircctly on the laser rod, rather than taking the.'

pos31bly easier course of uslng external reflectors, in order to avoid

”pos sible difflculties w1th multiplc reflections, and also because the end

result is a reoonator structure whlch is as simple and rugged as the ruby‘

rod itself. This rod was. prepared bcfore the pre”ent theory had been
developed. ‘The value‘of R/L 20 Jhlch we selected results in a loss'
per bounce of- ~ 35%. ; whlch is perhap° rather more than 1is desirable.
Lovwer loss rods are now oeing prepared.

Proper alignment of.thc laser rod ends was determined‘using the
technique sketchedJin Fig; 8. A collimated gas laser,beam ls‘reflected'A
at normal incidence from the}unsilvereu f1 at (flat) face and‘elselfrom-
the silvered back (curved) fage of the ruby rod. Two spots S and 52

1

representing the reflections from these two surfaces can then be observed

- 19 -




"RUBY

ROD PARTIAL OBSERVED
. MIRROR SPOTS
| ON SCREEN
COLLIMATING
"LENS
GAS -

| LASER

" FIG, 8--Experimental technique uscd:to measure the alipnment
of the end surfaces of the divergent.end laser rod.
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on a distent screen; with interference rings similar t§ Newton's rings
present in the overlapping reglon of the two spots. Coincident centering
of the two spots indicates proper alignment of the two faces.

We give in the next few paragraphs some further details of the align-
ment measurement procedure for those readers who may find this information
useful. Figure 9 shows ih more detail (and with considerable exaggeration)
the geometry necessary in discussing alignment of the rod endé. As shown,
a principal optlc axls OP is erected in the center of‘ﬁhe front face of the
laser fod'and normal to this faég. All cbordinatés are meagsured felafiyg
to the origin O é As illustrated in the skétgh,vthe barrel_éf the laser
rod mey be slightly skew wifh respect to the optic axis. OoP ., This is
essentially irrelevant to the alignment of the rod faces. In the genefal
-_,cése, the ceﬁter of curvature Q. of the curved laser end is displaced
’tranéversely from‘the optic axis OP Ey én amounf b , so fhat thé

coordinates of point Q are [-(R + L)‘, - vl
A collimated gas laser wavefront reflected at normal incidence from
- the froﬁp{faee of the rod wiil create on a écreen placed af distance D

from the front face a spot S of the same size as the laser rod and

1
Hwith its center ¢, on the éxis OP . The portion of the same incideﬁt
- plane wavefront which is transmitted down the laser rod Qillureflect from
_the curved back face of thé iaser fod as a spherical'ﬁave diverging from
the point Q' ', whose coordinates are [-(R/2+ 1), -] L .HowéQer,
due to refraction at the fronl face of the laser rod, the spherical wave-.
front emerging outside the rod.will appear to éome from the virtual center
,,Q" : :

, whose coordinates are [- nél(R/2 + L), -b] where n, = 1.76 is

0

the index of refraction of ruby. This spherical wave, which is apertured
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FIG. 9--Geometry used to discuss alignment of the rod ends.
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by the front face of the ruby vod, will produce on the screen a larger

gpot S, whose center 1s point C? . {We are assuming small angles

2
throughout this discussion. Also, it is not difficult to demonstrate that
the conelusions reached here will remain valid even though the monitoring
gas laser beam strikes the front rod surface at slightly away from normal
incidence.)

From elementary geomctry, the diameter 4, = 2a, of the large spet

2 2

52 should increase linearly with the scresn distance D waccording o
the expression

2a B

™o
no

vhere d = 2a  is the diameter of the lascr rod. Fxperimental verification
of this relationship over distances L from 1 to I meters served as one

verification of the radius of curvature R actually obtained on our laser

rod.
In addition, the two centers Cl und C., arc displaced from cach
other by an amount A5 given by
D
a UV N 1
1 - : ‘

2 nol (R/2 P

Meagurement of @, from the spot pattern ylelds the desired offset
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value b , which should approach zero for perfect aligmment. The relation-

a, D o

-1 o !
D+ ng (R/2 + L) a

~ -, D>l (Rf2 4 L)

indicates that the offset of the small spot Sl inside the large spot
82 on a distunt screen is in dirvect progortion to the offset of the center
of curvature Q inside the projected front face of the laser rod,

When Tirst ground, our lascer rod had its center of curvature located
outside the projected laser front face, giviog two completely non-overlapping
apots on a distant screcn This was corrceceted by re-polishing a slight
LLlt on the 7lat front face rather than by attempting to correct the curved
end. Figure 10 chows two cxamples of the reculting spot patterns on photo-
graphic films located at distances of D =1L meter and D= 3 meters.

The larger photograph has teen somewnal over-exposcd to bring out the
weaker large cpot rcl'lected [rom the back surface of the laser rod. This
spot exhiblts a substantial amount of random structure, presumably due to
the optical inhomogeneity of Lhe laser rod which this light has twiqe
traversod. .Thin photograph indicates that the center of curvature of the
curved erd is offset from Lhc.optlc oxis of the rod by roughly 20% of the

rod radius a




FIG. 10--Two photographs of the spot patterns, obtained by replacing
the screen in Fig. 8 with a photographic film. Larger photo-
graph: D = 3 meters, over-exposed. OSmaller photograph:

D=~ 1 meter, under-exposed.
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The smaller photogreph .in Fig. 10, taken at a smaller distance D ,
has been somewhat under-exposed to emphasize the interference rings which
are observed in the overlap region of the two spots. These rings result
from interference between the plane wave reflected from the front face
of the rod and the spherical wave reflected from the back face. Figure 9
makes clear that these rings should be centered on the line @Q'Q" and
that the center of the rings should be offset 1lnside the smaller spot Sl

by the amount b . The radil of any two successive rings should obey

the relationship

2 -1
vy - Ty = 2Dy (R/2 + L)X,

where XA 1s the gas laser wavelength. The visibility or the finesse of
these rings might conceivably be used to determine the optical quality of
the laser resonator, including opltical inhomogeneities in the rod, although-
this posgsibility was‘not explored in our experiments. During alignment

a smoothly continuous expansion or contraction of these rings could recadily
be induced by slightly heating or cooling the laser rod, for exgample by
touching it briefly with a finger.

After alignment, the laser rod was heavily silvered on both ends and
tested using a conventilonal laser pump configﬁration with an FT-524 flash-
tube and surrounding MgO reflector. No laser action could be obtained at
room temperature with pump energles up to at least 1200 joules, reflecting
perhaps the sizable diffraction losses of this confliguration. At 77°K
strong laser action was obtained with a threshold of ~ 500 Jjoules, or
approximately the same value as threshold for this rod with more conventional

end surfaces.
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This particular rod had smoothly polished side walls. AL pump levels
~ 20% above the first threshold a number of effects occured indicating
the onset of a second type of oscillation. These second oscillations we
believe to be some type of light-pipe mode of oscillation involving total
internal reflection off the polished side walls, as previously observed

by others. ™9

These effects have also been observed previously with
the same rod in other configurations. Measurements for the present dis-
cussion were not significantly affected by these oscillations.

The output through the flat,fully silvered end of the laser réd at
77OK was focused to a spot with two different lenses of different focal
lengths, in order to determine the virtual center of the output waves by
measurement of the axial position of the focused spot. For our configura-
tion, the virtual center Pi of 1t outpul wave, including the effect

of refraction at the output facc, should be located behind the flat output

face by a distance

néi V(RI+ L)L = 13.2 cm

One measurcment using a lens of G5 cm foéal length gave an experimental
value of 1h.5 * 2.0 em , while a second measurcment using a lens of 28 cm
focal length gave o value of 13.0 * 1.3 cm. Boﬁh results are thus in good
agreement with the theory.

Measurements of the outpul intensity distribution across the flabt ernd
of the fully silvered lasger rod were made by taking repcated photographs
of the face at ti.c same pump level with successively darker neutral density

filters inserted. The laser intensity was generally uniform across the face,
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and darkened uniformly in successive photogréphs. 'Therg was a randoﬁ

but reproducible fine structure to the‘light intensity which may be due

to strueture in the silver coating or to inhomogeneitles in the ruby itself.
The laser action was limited to a circular region f1lling the central 75%
to 80% of the laser rod. This fact may be due to the well-known focusing
of the pump light into the central 60% of the ruby rod's cross-section,

or 1t may be caused in sdme Qay by reflection from the polished sildes of
the rod. There is every reason to expect some sort of anomalous effects
due to side-wall reflection_in a polished unstable rod when both ends are
fully silvered. |

Figure 11 shows what would seem to be a near-optimum conflguration for

a diffraetion-couﬁled unstable-resonator fuby rod. Both end mirrors in

this ecase are intended to be as ncarly totally reflecting mirrors as pos-
aible. The mirror on one end isvmade larger thsn the spot size on that
end. . The laser's uscful output is then the diffraction-coupled output

in the annular ring of laser radiatidn cscaping past the other end. This
configuration gives a mode volume which is a‘large f?action of the available
volume of the ruby rod, while at the same time the smaller mirror's size
can bé adjusted_so'aé to just avoid any contact of the osecillating fields
with the side wallsc of the laser rod, whether these walls are polished or
rough. Ac has been pointed oﬁt,l6 although the rear-ficld output iﬁ a

cage like this is an annular ring, the tar-field pattern still contains

a major lobe dircctly on axic,

Dince the output vwave is a divergent cpherical wave, collimation of

.this wavc'by a lens will be required to obtain a beam of minimum divergence.

One can envision the possibility of grinding the necessary curvature for
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FIG.

—

11-An unstable resonator configuration for a laser rod which
gives a diffraction-coupled output from one end only and
which avolds any coptact with the resonator side walls.



”éollimation diré;tly on the puby rod in the annulér region §utside the
spot, thus eliminating the need for any external lens.

Experiments were conducted on our ruby rod with various smaller
wlrrors placed on the flat cutput face in the manner of Fig. 11. Figures 12
and 13 iliustrate the resulting output intensities on the flat end of the
rod. The upper left~hand photograph in each case is taken below threshold,
using the pump light for illumination but with a narrowban8 filter centered
at the ruby wavelength inserted before the camera, so that the photograph
is effectively taken using 6900A light, The three succeeding photographs
in each case are taken at rougﬁly 10% ,IMO% and 110% above threshold, with
appropriate neutral density filters inserted. No effects due toc the secohd
type of oscillation menticned above were noted in these sequences; whether‘
this second oscillation actually occured is uncertein, since we did not
look for any of the other effects it usually causes.

The camera in all cases is focused directly on the front face of the
iasgr rod. The silvér spot in Fig. 12 iz 2.54% mm in diameter (40% of the
rod diameter) and in Fig. 13 is 3fé mm in'diamete; (50% of the rod diameter).‘-
The surroundihg gréy spot in the upper léft photographs is'interp?etéd to .
be the more distant and out—of-fbcus_image of the same1silver sbot as
geen reflected.in the curvedhand fully silvered'back‘faCe of the rod.

The spot in fig. 12 is'apparently sligﬁtly off-center with fespect to tﬁo
centeriof qurvature of the back face. Severalfclam—éhell chips at thé
edges of the front face of the rod are apparent in the photographs. |

" The existence of the‘predicﬁed halo or diffraction~c§upled annular
ring of laser light around the silver spot is clearly evident iﬁ'theée

photographs. The ratio of the outer dismeter of laser action to silver
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FIG. 12--Photographs of the output end of a .ruby rod having the unstable
diffraction-coupled resonator configuration shown in Fig. 1l1.
Top left: below threshold, showing the 2-1/2 mm diameter silver
spot, plus its mirror image in the opposite end. Bucceeding
three photographs: laser output at 10%, 40% and 110% above
threshold.
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in diameter (1/2 the rod diameter) and somewhal 1¢:
on the rod.

FIG. 13--Same as preceding figure except that the silver :por




L dihnmter“predicted for this rod by the present analysis is 1.55.

axperimental values, as well as they can be determined from these photo-

~ ophs, are ~ 1.5 for Fig. 12 and 1.35 to 1.45 for Fig. 13, both of which

~pgarded as Indicating good agreement with theory. The slight discrepancy

il 13 may be due to nonuniform pumping effects in the ruby rod to a

X

nupiber al' other causes or simply to the experimental Inaccuracy in these

menwniements,  Note that the grosc size and structure of the patterns does

nal change from near threshold to more than twice threshold.

The fine

shirueture In the light output does change to some extent. Thi. ay be

due In part to varying inhomogeneities in the rod‘at different pump levels,

and ko some extent to dust particles on the rod end, as well ac to various

olhar causcs,

The results which have been presented here are taken to give good
vonl'lrmablon of the unstable resonator theory, at least in its elemen£éry
Ffealuren,  Our further experimental efforts on this and simllar rods will
T ehLéfiy concerned with discbvering whether these ospillations occuf,,

v deslred, in a single lowest-order diffraction-limited transverse mode.




DISCUSSION AND CONCLUSTONS

As an addendum to the discussigns glven earlier in this papér concern-
ing transverse mode control and difrraction losses, we wish to advance the
follow1ng tentative hypotheses. First, the abselute differcnce in losses
and hence the mode dlacrlmlnatlon among low-ordcr tranov roe mOdcs iz likely
to be small in any resonator with a large Fresnel number, vhether the dif—
fréctioﬁ iosses are.sﬁaii aé in a stabie resonator or large as in an unstable

'resonator. But, a ruby fod pf any_reasonable.proportions has inevitably a
arge F resnel number, making mode selection difficult.

'Second, the next higher-order tiansverse mode in an unstable resonator
éuch gé those discussced hefe, fof.examplc in the infinite stﬁip case, is
likély.to be an asymmgtficallﬁode with Very much‘thc same mode pattcrn
and curvutﬁrcﬁ an ﬁhé loﬁest—ordcr'mode,‘Eut,with a null along'the‘resonator‘ .
axle, a 120° ﬁﬁasc shift bctﬁcen the two sides,” ond a very vllgh*ly larger
diff?action ,nreﬂdlng of the ouLer cdge of the mode,

The “third ;ypophesin 1g rclated to thlﬂ.v We propo"e that 11 for
cxamnle,che mlrror on the vack or. curved eﬁd in Fig. 11 1s trimmed to

“4ust Lhe ’lZO of Lhe gcometrlca¢ly prgdlcted upoL on thaf cnd then the

love”t order modn will have a ullght ioss pact the edges of this mirror

! whigh will be a diffraction loss in the true.sensc;of the phrase. More
% 4 R ' impértént; it is propoucd that the ncyt higher- ordcx transverse mode wlll

experience a 1gn1f1cantly largor diffractlon loss past this same edge.
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Alt’houg}vthese ipssesﬁij_l Vbe“small'_ compareoi to ‘tne"large ill‘os‘s:at the“‘(:)p_-
posite ehd,uthey'ﬁaylrepreseﬁt sﬁffioient ﬁode:disgiiﬁlhatlon‘to aoﬂieve”
oselection of the lowest-order mode. This type of mode'§e1¢c£1¢n, if ﬁork-
able, w1ll have some practical advanfages over. such methdds as the pinhole

mode selector, which suffers from breakdown and damage due to Lhe high

energy density'at the plnhole. Fubure experlmental work will explore +his '

type of mode control.

In general, wc conolude that ‘the 81mple anely81s presented here does

give a good flrot order deucrlptlon of the lowest order mode and” 1ts Jlos sesil

o ‘1n the general unutable resonator The analysis has been verlfled by ex—‘
periment and by comparlson with more exact treatments ‘Unstable laser
resonators may be of.praotical importance,for’highlgain lasors, sucﬁ as
rubyAlaser and other types; peftlcularly in obtelning a diffractione

coupled outpﬁt.

——
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